In spinels ACr 2 O 4 (A=Mg, Zn) realisation of the classical pyrochlore Heisenberg antiferromagnet model is complicated by a strong spin-lattice coupling: the extensive degeneracy of the ground state is lifted by a magneto-structural transition at T N =12.5 K. We study the resulting low-temperature low-symmetry crystal structure by synchrotron x-ray diffraction. The consistent features of x-ray low-temperature patterns are explained by the tetragonal model of Ehrenberg et. al [Pow. Diff. 17, 230( 2002)], while other features depend on sample or cooling protocol.
Abstract
In spinels ACr 2 O 4 (A=Mg, Zn) realisation of the classical pyrochlore Heisenberg antiferromagnet model is complicated by a strong spin-lattice coupling: the extensive degeneracy of the ground state is lifted by a magneto-structural transition at T N =12.5 K. We study the resulting low-temperature low-symmetry crystal structure by synchrotron x-ray diffraction. The consistent features of x-ray low-temperature patterns are explained by the tetragonal model of Ehrenberg While studying the excitation spectrum of MgCr 2 O 4 below T N =12.5 K, Tomiyasu et al.
3,4
observed a quasi-dispersionless mode at 4.5 meV with the same hexagon-loop form factor, and three further flat bands equally spaced by ∆E=4.5 meV, that they named resonances.
They noticed that the Fourier transform of the higher-energy excitations corresponded to a heptamer, a cluster of 'two corner-sharing tetrahedra' (we abbreviate it to TCST) and suggested that these modes emerge due to high degeneracy of the excited states. The key questions -do these resonances arise from the zero modes and why are they located at equal energy intervals -remained unsolved.
Usually such questions can be answered when the leading terms of the Hamiltonian are identified. This has not yet been achieved for the spin-lattice coupled ACr 2 O 4 spinels due to contradictory information about the ground state and poor knowledge of the complete low-energy excitation spectrum. We therefore first performed detailed synchrotron x-ray and neutron diffraction studies (including powder diffraction, single crystal diffraction with and without magnetic field, spherical neutron polarimetry, Section II C-II E) to acquire information about the low-temperature crystal structure and long-range magnetic arrangements of MgCr 2 O 4 , taking it as a representative of the chromite family. Secondly, with inelastic neutron scattering we comprehensively measured the low-energy excitation spectrum of MgCr 2 O 4 single crystals (Section II F). We clarify common and individual features of long-wavelength spin waves and resonance modes by performing XYZ-polarization analysis, and measuring temperature and magnetic field dependences. We derive analytically the inelastic neutron cross sections of the excitations of a TCST cluster by decomposing it into smaller units (Section III B). The match between the calculated and observed intensity distributions grants a new view on the origin of the resonance modes.
II. EXPERIMENTAL FACTS A. Previous experimental reports
We briefly outline the experimental findings on the ACr 2 O 4 chromites (A=Mg, Zn), referring only to the small part of the vast literature on the subject that is relevant to our study. Magnesium and zinc chromium oxides show very similar magnetic properties with
Curie-Weiss temperatures Θ CW ≈ -400 K and spin-Peierls transitions at T N = 12.5 K.
This transition is strongly first order. The magnetic frustration of the pyrochlore lattice is released by distorting regular Cr 3+ tetrahedra in the high-temperature (HT) phase and thus making the magnetic interactions between Cr 3+ ions inequivalent. The associated atomic displacements in the low-temperature (LT) phase are small, but sufficient to introduce couplings of sufficiently different strengths.
For the LT crystal structure several models have been proposed. For ZnCr 2 O 4 the most detailed LT model is the one published by Ji et al. 5 It is based on synchrotron x-ray single crystal diffraction data, which contain 140 weak superstructure reflections of the propagation vector k=( ). 6 This LT model comprises three types of tetrahedra: two symmetrically distorted -with even number of short and long bonds, and the third one asymmetrically distorted -with one strong and five weak bonds. Such rearrangement of the atoms reduces the magnetic frustration, but only partially -the match between the distortions and the moment arrangement in tetrahedra is incomplete. For MgCr 2 O 4 the LT structure has tetragonal (I4 1 /amd) or orthorhombic (F ddd) symmetry 7-9 with compression along c and expansion in the ab plane. Kemei et al. 8 did not detect the superstructure reflections in synchrotron x-ray powder diffraction patterns, but observed splitting of the HT cubic reflections, which was interpreted as coexistence of two phases -with tetragonal and orthorhombic symmetries. We suspect that such diversity of observations is caused by sensitivity of the LT structure to the microstructure of the samples (nonstoichiometry, site disorder, defects, etc.), in accord with the magnetic properties, which are very sensitive to nonstoichiometry.
10
Neutron powder and single crystal diffraction reports on magnetic ordering of ZnCr 2 O 4
and MgCr 2 O 4 are also controversial. ). In this study magnetic intensities varied for powder samples, while in a single crystal only the k 4 -phase was present. The authors tested solutions with the most symmetric Shubnikov magnetic space groups and magnetic moments along the three principal directions: <100>, <110>, <111>. The two best models are built from chains of magnetic moments, in the first case the chains propagate along the ac-and ab-axes, while for the second model -along the ac-and bc-axes. However, these models could not be distinguished from the available data. An ordered magnetic moment of 2 µ B /Cr 3+ was obtained, which is less then 3 µ B , the expected moment of the Cr 3+ ions. ) are reported.
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Reflections of the k 3 =(100) and k 4 =( They have the cubic spinel structure at room temperature and no inversion between the Mg
2+
and Cr 3+ ions according to x-ray diffraction analysis. The boules grown by the floating zone method are up to 70 mm long (along the a-axis) and have a diameter of 4-5 mm.
Characterisation of the f z-samples was more problematic. High-resolution synchrotron xray powder diffraction patterns from crushed crystals have cubic symmetry but the intensity distribution varied from sample to sample and did not match the normal spinel structure and we could not study the degree of inversion. We tolerated these sample peculiarities in order to use large crystals for inelastic neutron scattering, but checked that the observations which are crucial for our conclusions (i. e. magnetic wave vectors, spin waves and resonance modes) also occur in the ct-crystals.
We used smaller ct-crystals to study the low-temperature crystal and magnetic structures, as they have sizes appropriate for diffraction experiments. In addition, six ct-crystals were co-aligned into a multi-crystal sample of 250 mg and used for INS experiments on the TASP and EIGER spectrometers at SINQ. To see the fine details of magnetic excitations large mass samples were needed. Therefore f z-crystal boules were co-aligned in a 20-30 mm long 2 g sample and used for INS experiments on HYSPEC at SNS and on IN12 at ILL.
C. Crystal structure below T N
We performed a number of powder and single crystal experiments on several synchrotron x-ray diffraction beamlines to investigate the LT crystal structure of MgCr 2 O 4 . Fig. 1 presents a powder diffraction pattern from a piece of crushed ct-crystal collected on the MS beamline of SLS at T=5.5 K. As can be seen in the inset of Fig. 1 , the (800) reflection in the cubic phase splits into two peaks, which indicates a tetragonal distortion. The refinement is performed 15 in the I4 1 /amd space group 9 , and the refined parameters are listed in Table I .
The results for the F ddd space group with a larger number of refined parameters are equally good.
In order to check whether superstructure reflections appear in MgCr 2 O 4 below T N , single crystal synchrotron diffraction data were collected on the Swiss-Norwegian bending-magnet beamlines at ESRF. Only four k=( ) type reflections were observed and all of them had intensities less than 0.5 × 10 −3 of the strongest (111) reflection. In another experiment on the I16 undulator beamline at the Diamond synchrotron, on a larger crystal of the same ct-batch, up to 360 superstructure reflections could be measured below T N . Their intensity was also at least 10 −3 times weaker than the intensity of main nuclear reflections.
However, refinement of the model of Ji et al. 5 was not successful. Furthermore, during this experiment several reflections breaking the F -centering (P -reflections) were detected. They existed above T N and gained intensity when the crystal was cooled to lower temperatures.
Due to the discrepancy between the powder data and single crystal data collected on different crystals and different beamlines we argue that the occurrence of the k=( ) and P -reflections depends on sample or cooling protocol. The tetragonal model of Ehrenberg et al. 9 is the highest symmetry and simplest model, which explains consistent features of our all diffraction data. We therefore consider it presently as the best model for the LT structure, though additional static distortions are obviously present. It is desired to understand better the influence of the microstructure on the LT crystal structure and on the magnetic order discussed below.
D. Magnetic ordering
We used a set of neutron diffraction techniques -powder diffraction, single crystal diffraction with and without magnetic field, spherical neutron polarimetry -to study the magnetic structure of the ground state of MgCr 2 O 4 .
Powder diffraction was measured with the neutron wavelength of 2.5Å on the DMC diffractometer at SINQ. Significant diffuse scattering was detected above the ordering temperature and k 2 might give rise to n 1 , n 2 separate domains (0< n i <12, i=1,2); they might combine into a multi-n 1 k 1 -n 2 k 2 structure, or an intermediate case might occur. It is impossible to distinguish these cases from integrated intensities collected from a single crystal. We used neutron diffraction in magnetic field and neutron spherical polarimetry to establish that in k 1 reflections change between 2.5 -3 T, while for k 2 no changes are detected. 18 We conclude thus, that k 1 and k 2 do not build a common multi-k structure, but form different domains.
Small sets of magnetic reflections of several arms of k 1 and k 2 accessible in the normal beam geometry were measured and selected observations are presented in Table II . They imply that i) neither k 1 nor k 2 wave vectors form a multi-k structure, but rather separate phases; ii) k 1 reflections are more sensitive to the applied fields then the k 2 ones, this might be caused either by different anisotropy of the two magnetic structures or by peculiarities of the magneto-elastic coupling of structural twins and magnetic domains.
As presented in Section II E, even extended sets of integrated intensities were not sufficient to determine uniquely the magnetic structure -several different structures gave the same intensity distribution. Thus we performed spherical neutron polarimetry (SNP) experiments with the cryopad device on IN12 at ILL (λ=3.70Å) and the mupad device on TASP at SINQ (λ=3.14Å). This method allows the separation of nuclear, magnetic and magnetic chiral contributions and is very sensitive to the direction of magnetic moments (see Appendix for the details). We measured several reflections for several crystal orientations: k 1 reflections -in the (hk0) and (hhl) horizontal scattering planes, k 2 reflections -in the (hk0) plane.
E. Magnetic structure determination
In order to solve the MgCr 2 O 4 magnetic structure, representation analysis was performed for the I4 1 /amd and F ddd space groups. However, no satisfactory fits could be obtained with the corresponding irreducible representations (IRRs). The spin structures we propose below cannot be described by multiple IRRs either, as they break the I-and F -lattice translations. We employed the bottom-up approach similar to that for ZnCr 2 O 4 13 : all possible spin arrangements were firstly constructed and then compared with the diffraction pattern.
In this approach, several constraints were imposed for the magnetic structure: one is that each tetrahedron has zero total moment, which is compatible with the perturbative role of the spin-lattice coupling; the second constraint is that spins point along the [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] diagonals in the ab-plane, similar to that of ZnCr 2 O 4 13 ; and finally an equal moment value for each Cr 3+ ion was assumed.
As the first step, we built all 768 possible k 1 =( 1 2 1 2 0) long-range ordered states satisfying these constraints. After removing the F d3m symmetric duplicates, two models -one collinear and one coplanar with 90-deg aligned spins -were found to fit the DMC powder diffraction data. They also provided a good fit to the integrated intensities collected from single crystals. Under the assumption of equal distribution of the k 1 domains and equal amount of k 1 and k 2 phases the refined moment size is only 1.94(3) µ B , while 3µ B is expected from the Cr 3+ spin.
The same approach was employed for the k 2 structure determination. 1112 structures fulfilling the above listed constraints were constructed. Three structures -one collinear and two coplanar with 90-deg aligned spins -were compatible with powder data and single crystal integrated intensities. The refined moment value is 2.08(3)µ B .
Despite the satisfactory fit for the diffraction data, we found that none of the obtained structures is compatible with our spherical neutron polarimetry (SNP) measurements. This can be most directly seen from the P yy element for the k 2 reflections listed in Table V 
The corresponding SNP matrices are listed in Table V in the Sec. V. The fit of this model to the integrated intensities dataset is also good with the agreement factor R f =5.6.
For the k 1 structure even the SNP data are not sufficient to distinguish the two models presented in Fig. 4a , b. The measured and calculated SNP matrices are listed in Tables III, IV in the Sec. V. The refinement of the integrated intensities is equally good, the agreement factor cuts measured on IN12 (Fig. 8) . Neither feature changes significantly in the ordered state, but then both soften simultaneously and abruptly, close to T N =12.5 K. Clearly they are intrinsically connected.
We verified the magnetic origin of both the excitation features by using XYZ-polarization analysis 22 on HYSPEC. Under the assumption of isotropic magnetic scattering the magnetic 
inc where x, y, z refer to the direction of the incident polarization, sf and nsf stands for spinflip and non-spin-flip. The magnetic cross section presented in Fig. 7c contains both spin waves and resonances, while the nuclear (Fig. 7d) and incoherent cross sections contain only background. We could not identify any contribution of phonon or hybridized spin-phonon excitations to the resonance modes.
Lastly, we tested the response of the excitations to a magnetic field along [001] (Fig. 8) .The gaps of dispersive spin waves increase from ≈0.75 meV at 0 T to ≈1.5 meV at 10 T, such behaviour is expected for a conventional AF. However, the 4.5 meV resonance shows no significant changes. 
III. THEORETICAL DESCRIPTION A. The status of the effective Hamiltonian approach
The current status of the theoretical comprehension of the ACr 2 O 4 chromites can be shortly summarised as follows. When the resonance modes in the ACr 2 O 4 chromites were discovered, the Heisenberg antiferromagnet on the pyrochlore lattice (HAFP) model was anticipated to describe these excitations. The HAFP model has a non long-range ordered ground state, which is however strongly correlated. Such ground state is highly nontrivial and is rooted in connectivity and frustration of the pyrochlore lattice. The system fluctuates between configurations with zero net magnetic moment on each tetrahedron. These low-frequency fluctuations (zero-energy modes) cost no energy and enable the system to wander from one GS to another without leaving the manifold. Yet, the fluctuations are not completely random as tetrahedra share corners, and these correlations give rise to sharp features, termed pinch points, in a diffraction pattern.
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The pinch points were not observed in ACr 2 O 4 , so additional terms, such as a further neighbor exchange or spin-lattice (SL) coupling, were examined. [25] [26] [27] [28] Several approaches implementing the SL coupling should be mentioned here. The SL coupling was mapped as a quadric term in the free energy expansion 26 , as an effective biquadratic interaction term 27 or implemented in the site-phonon model. 28 These models successfully elucidated the plateau at the half of the saturation magnetization of the ACr 2 O 4 chromites, but depending on the model and its parameter choice, different ground states and emerging excitations were found. The complicated details of the experimentally determined long-range ground states and admixture of long-and short-range excitations are not predicted by these models.
We could not explain our experimental results by starting with the HAFP Hamiltonian with further neighbor or effective SL couplings. The ground states of such Hamiltonians were inconsistent with the experiments and linear spin wave calculations based on these ground states gave multiple dispersive branches instead of the single branch observed experimentally, and equally spaced resonance modes were not obtained. New theoretical approaches to the problem will be very useful.
B. Cluster calculations
There is abundant experimental evidence that the resonance modes are a persistent fea- n . In such cases the cluster can be decomposed into subgeometries, which maintain the exchange symmetry of the initial cluster. The excitations of the large cluster are described through the excitations of the subgeometries, where the functional form of a cluster structure factor is not dependent on the spin value, 31 but on the individual subgeometries.
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An important consequence of this is that transitions between discrete energy levels of the large cluster can be calculated using eigenfunctions of the subgeometries. This allows direct comparison between our calculations and the measured INS spectra.
We consider a S = subgeometries is
The energy eigenstates of the TCST cluster are then
where S tot is the total spin state of the system and S j are the individual S= 3 2
spins. states.
Other energy levels are equally spaced with the J/2 interval.
To calculate the Q-dependence of the INS structure factor we reduced the S= 3 2
cluster to the S= 1 2 analogue 31 and focused on an 'exclusive structure factor' 30 for the excitations within a specific magnetic multiplet of final states | Ψ f (λ f ) from the given initial state | Ψ i : where the vector V ( q) is a sum of spin operators over the cluster:
To obtain the functional form the spatial indices a, b could be reduced to z.
Using this procedure we determined the INS structure factors for the four lowest-energy Finally, to compare the Q-dependence of the TCST cluster with the MgCr 2 O 4 INS spectra, we summed the squared structure factors for all possible orientations of the cluster on the pyrochlore lattice. The match between the calculated (Fig. 10 i=1,j=1,3) and measured ( Fig. 5 b-d) intensity distributions of the three lowest resonances at 4.5 meV, 9 meV and 13.5 meV is remarkable. We therefore think that the resonances are rooted in the quantum levels of the cluster.
Furthermore, due to the averaging of the multiple cluster configurations through the pyrochlore lattice, we expect that effects of magnetic field applied in one crystal direction will be diminished, which is consistent with our experimental observations.
IV. SUMMARY AND DISCUSSION
In order to understand the origin of resonances in the ACr 2 O 4 spinels we performed a detailed experimental study of MgCr 2 O 4 . We confirm the simultaneous magnetic and structural transition at T N =12.5 K. We observe splitting of the cubic reflections which can be explained by tetragonal symmetry, but the fine details of the low-temperature crystal structure observed in several powder and single crystal synchrotron x-ray diffraction experiments are not consistent. In some experiments we observe weak reflections with k=( ) and rather strong intensities at the P -lattice positions, but in other experiments they are absent.
Presently we give preference to the tetragonal model of Ehrenberg et al., 9 as it explains the details that are consistent in all our x-ray diffraction experiments. It is important to perform a state-of-art diffraction experiment meeting the challenge of simultaneous measurement of a sufficient set of weak superstructure reflections (≈ 10 −3 weaker than the main peaks) and resolving the splitting of the cubic reflections (∆a/a ≈ 10 −3 ). It will be important to study the microstructure in the LT phase and its consequence on the magnetic orders by means of electron transmission microscopy. It is well documented 32, 33 that spinels, besides the inver- The resonance modes have two aspects. From one side, the resonances are weakly dispersing over 2 meV and their thermal evolution is the same as for the dispersive spin waves. Thus they behave like optical branches of spin waves. We did not detect any dynamic distortions in the form of low-energy spin-phonon contribution in the studied Q-range. They, however, could exist at higher Q and future theoretical and experimental clarifications are required.
We did not succeed to fit the observed excitation spectrum to the Heisenberg pyrochlore antiferromagnet model with further neighbor or effective spin-lattice couplings. We found, levels of the heptamer govern the system, but the structure factor provides a fingerprint for the nature of the spin excitation depending on the excited subgeometry. Therefore, in the heptamer model, we can describe the cluster as the interaction between multiple subgeometries of trimers and hexamers. This is very important first step towards the desired complete description.
As the next step we envision the placement of the heptamers in a mean field (MF) of intercluster interactions and calculation of the excitation spectrum by the random phase approximation. The Zeeman term added to this mean-field Hamiltonian should explain the different behaviour of acoustic and optical spin wave branches seen experimentally. We anticipate that averaging of the six cluster orientations through the pyrochlore lattice will diminish the effect of uniaxial magnetic field. Possibly a strict description of such systems is beyond the conventional linear spin-wave theory and requires taking into consideration magnon decays. Such extended analysis done for the noncollinear triangular antiferromagnet lattice 39 yields a mixture of sharp singlemagnon modes and a multi-magnon continuum. This is also one of the scenarios discussed for the strongly spin-orbital coupled system α-RuCl 3 .
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Another, rather computational challenge arises from our study. 
V. APPENDIX
The scattering of polarized neutrons is well described in Ref. [42] [43] [44] . The incoming P and scattered P polarization of a pure magnetic reflection is usually defined in its local coordinate system for the specific crystal orientation -z is the vertical direction, x is the horizontal direction of the scattering vector q, y completes the right-handed Cartesian set.
The polarization matrix for a single domain with no chiral contribution can be written:
with i -incoming, j -outcoming component of polarization, have opposite z-components of M ⊥ (Fig. 11 a) , the P is rotated to P 1 and P 2 by the two domains, respectively. The total y-component of P is reduced and for equal population of these domains will even vanish. The same depolarization happens for the P z-component. Reflections experimental calculated [ 13] (hk0) as the horizontal scattering plane 
